~," In order to evaluate the reproducibility of regional cerebral blood flow (rCBF) measurements in pathological brain tissue, serial measurements were carried out in 13 determinations performed in patients who were comatose after severe head injuries within the first 2 weeks after the head trauma. The xenon-133 intra-arterial method was used for the flow measurements, and the flow was studied separately in 16 areas of the brain, producing 197 regional double determinations. The patients were maintained in a steady state during and between the measurements, and only differences of less than 2 mm Hg in the arterial COs pressure and less than 5 mm Hg in the perfusion pressure were tolerated. The reproducibility was found to be reasonably good as regards initial slope-flow indices and height/area flow values, whereas that of the compartmentally calculated flow parameters was poorer. On dividing the series into severely and moderately pathological areas, it could be shown that the reproducibility of the flow values in the moderately pathological brain areas was acceptable and similar to the results reported by others, whereas the reproducibility in the most severely pathological areas of the brain was rather poor, as regards the flow in the fast compartments. The correlation between the various flow parameters was found to be fairly good.
M
EASUREMENT of cerebral blood flow (CBF) by means of the isotope clearance method devised by Lassen and Ingvar ~2 has been generally accepted as a valuable tool in the study of the human cerebral circulation. With the introduction of the a3~Xe intra-arterial injection method, measurement of CBF in multiple regions (rCBF) of a hemisphere became possible? 'l~'~a The theoretical basis of the method was established by Kety, TM and the mathematical background has since been developed and discussed by several authors? ,7a~,~*,2~ Calculation of the CBF has been performed in three different ways: by stochastic analysis, 7' 11,17 ' 18 by analysis of the initial slope of the clearance curve, 15,2~,~7 and by compartmental analysis. 7,~1,17 The reproducibility of the rCBF measurements has been studied in normal brain tissue x3,34 and in some pathological conditions of the brain ~5 and found to be fairly good, although it was poorer when the rCBF was calculated compartmentally than when the other methods of calculation were used.
Few reports are available on the reproducibility of rCBF measurements in severely pathological brain tissue. As the evaluation of the method of calculation largely depends on the reliability of the CBF results, it must be of value to compare the reproducibility of the results obtained by the three methods of calculation also in severely pathological brain tissue. Therefore, in the present study we assessed the reproducibility of rCBF in patients with severe head injuries, and compared the results obtained by using the three above-mentioned methods of calculation.
Clinical Material
In order to evaluate the reproducibility of rCBF measurement in patients with severe head injury, serial rCBF determinations were performed in 13 cases, producing 197 regional double determinations. On admission, all patients underwent operation, and the character and localization of the cortical lesions (that is, laceration, contusion, and edema) were assessed by inspection of the cortex through large craniotomies, applied in the areas of the fractures and hematomas. Thus, the most severely injured areas of the cerebral cortex were inspected and described. Severe cortical lesions were found in all patients, and six patients also had hematomas: four subdurally, two epidurally, and three intracerebrally. In three of the patients, repeat craniotomy was performed 4 to 10 days after admission because hematomas were suspected, and the cortical lesions were again assessed, but in only one patient was a hematoma found; in the remaining two the craniotomy disclosed severe edema.
with positive pressure and controlled respiration during the entire period of study. Arterial carbon dioxide tension (PaCO2) and oxygen tension (PaO~) were maintained at a constant level in each patient, but the levels varied from 20 to 40 mm Hg and from 100 to 150 mm Hg, respectively. The cerebral intraventricular pressure (IVP) was measured continuously by the method of Lundberg ea in all patients during the entire study, and the basic pressure was kept below 45 mm Hg. a the l"3Xe was recorded by 16 NaI scintillation detectors* placed extracranially over the brain areas to be studied. The counts were simultaneously stored on a 16-track magnetic tape and, after the measurement, transferred to a punch tape from which they could be used directly for electronic data processing. The data were analyzed on a CDC-6400 computer using a program developed by one of us (FTJ). The flow values were expressed in ml/100 gm/min. Simultaneously with the punching, the clearance curves were written out so that the shape and the quality of the curves could be evaluated.
During the CBF measurements, the pressures in the internal carotid artery (SAP) and in the anterior horn of the lateral ventricle of the brain (IVP) were measured continuously and simultaneously recorded by a 2-channel writer. The pressures were expressed as mean pressures (diastolic + 1/3 pulse pressure) in terms of mm Hg. The mean perfusion pressure (CPP) was calculated as SAP-IVP. At the start of each CBF measurement an arterial blood sample was withdrawn for the determination of the arterial pCO2, pO2, and pH. The CBF measurements were performed under local anesthesia, and prior to the determinations the patients were given meperidine, chlorpromazine, and pancuronium bromide.
The clearance curves were followed for 15 minutes, and the second injection of 133Xe was performed 20 minutes after the first injection. The patients were maintained in a steady state during and between the two measurements, and only patients in which the PaCO2 changed less than 2 mm Hg and the CPP less than 5 mm Hg (the IVP less than 3 mm Hg) from the first to the second measurement were included in the reproducibility study.
In previous studies, ~' 4 we have found that the a33Xe clearance curves from areas of severe cortical contusion and from areas of severe edema had an abnormal shape when traced logarithmically. The curves from the contused areas had an initial, rapid "third" component, a tissue peak (Fig. 1 B) , while curves from areas with severe edema ap- , and severely edematous brain tissue (C). Note the biexponential shape of curve from "normal" brain tissue, initial rapid "third" compo/aent in curve from the contused area, and almost monoexponential appearance of curve from edematous area.
proached the mono-exponential shape (Fig. 1  C) . As our experience had aroused suspicion of poor reproducibility of rCBF measurements in areas with severe contusion and severe edema, we investigated the reproducibility of the flow measurements in the areas with an abnormal shape of the clearance curves separately. In addition, we in-E. M. Enevoldsen and F. T. Jensen vestigated the reproducibility in the areas with normally shaped logarithmic clearance curves 4 ( Fig. 1 A) .
Reproducibility Analysis
The ls3Xe clearance curves were analyzed by both compartmental and non-compartmental methods. These methods are described elsewhere, 8,9,~a,~~ and we will therefore only briefly mention them here.
Non-Compartmental Analysis
Non-compartmental analysis was used in the calculation of CBFlo (Flo) 11'14'x8 and initial slope flow index (Fl). 1~176 The brain/blood partition coefficients used were those for normal brain homogenate and normal gray matter, 32 respectively, corrected to the present hemoglobin concentration7
The initial slope flow index was calculated by automatic linear regression analysis of the first minute of the logarithmically transformed primary measured clearance curve. The computer automatically compensated for residual radioactivity, which was measured during the last minute before the CBF measurement by means of the formula:
The derivation of this formula was = A X exp (-at) + B X exp (-/3t); A > B a >>/3, where S' is the theoretical value of the bi-exponential model, A and B are intercepts, and a and/3 are rate constants (Fig. 2) .
Without residual activity:
With residual activity: The statistical analysis used consisted of an evaluation of the coefficients of variation (CV) and the correlation coefficients (R) for the regional flow parameters (rFlo and rF~). As the rCBF values of the fast compartment were not normally distributed, a nonparametric method of calculation of the correlation coefficients was used. Curves with fall-out of activity and curves with more than 15% remaining activity were excluded from the reproducibility calculation. In only a few areas was the remaining activity more than 10%.
Compartmental Analysis
With the compartmental method it was assumed that each clearance curve might be described as the sum of two exponentials, one representing a fast compartment and the other representing a slow compartment, and the flow and relative weight of the fast compartment (Fr and Wr), the flow and the relative weight of the slow compartment (Fs and Ws), and the weighted mean flow (Fm) were calculated. 7 The flow parameters were calculated by computer using a least square interative approach. The computer started the procedure of calculation when the activity had decreased for 15 seconds (in three successive samples) and the decrease in activity was less than 5 standard deviations. This starting procedure excluded shunt peaks and plateaus in the initial part of the clearance curves from the calculation. The partition coefficients used were those of normal gray and white matter, 32 corrected to the present hemoglobin concentration2 The residual radioactivity was measured during the last minute before the CBF measurements and considered to be cleared in the slow compartment, and then used to correct the slow compartment intercept.
The statistical methods used were evaluations of the variation and correlation coefficients of the regional flow parameters (rFf, rFs, rWr, rWs, and rFrn). In addition, a test for the accuracy of the curve fitting was performed.
The equation of the bi-exponential clearance curve T M is:
Correction for residual radioactivity in the calculation of initial slope flow index. a = initial fresh activity; b = residual activity; C~m --measured initial slope; a1 = corrected initial slope.
2~ -A • exp(-at) + exp(-/3t),
where x) is the theoretical value of the biexponential model, ~ and/3 are the decay constants of the fast and slow exponential components, respectively, and A and B represent the initial radioactivity (the intercepts) in the fast and slow compartments. The unknown can be indicated by the vector {A, B, c~, ~} = {x} and the model can then be described by: ~ = f (x, ti). The parameter x is estimated by the weighted least squares principle:
As weights were used as the reciprocals of the standard deviation in each counting point, and as the registration of emission might be due to a Poisson process, the weights are:
If lx ~ indicates temporary values for the unknown parameters calculated by the method of Cornell, 2'~5 and if f(x, h) is linearized by the method 'of Taylor with only first order terms about {x~ then
where xj-xj ~ = A xj. The necessary condition for the minimum is:
Written in matrix-notation we get {A} {Ax} = {Ak}, which can be solved for {Ax}; the new x value is {xq = {x ~ + {Ax}. This iteration procedure is continued until A xj < 10 6. The criterion of minimizing
Fmin is a chi-square variable, and as such it might be used for testing whether the bi-exponential model is correct. The weighted conditioned variance (YJ -S,i) 2 yi VAR.ERR. = n -4 (where n = degrees of freedom), which was used as testor, is a C 2 ( c h i -s q u a r e / n -1) variable, and the critical values were found to be 0.724 < VAR.ERR. < 1.327 (p < 0.01) and 0.784 < VAR.ERR. < 1.242 (p < 0.05).
The curve fitting was considered good if the VAR.ERR. was within the 5% limits.
Results

Reproducibility of rCBF Measurements
The reproducibility of rCBF measurements is shown in Tables 1, 2 , and 3. The reproducibility in the entire series (Table 1) was reasonably good as regards the noncompartmentally calculated rFi and rFlo, as the coefficients of variation were 11% and 7%, respectively, and the correlation coefficients were significant at a level of 0.001. The reproducibility of the compartmentally calculated mean rCBF (Fm) was also acceptable (CV = 9%, R = 0.89), whereas the reproducibility of rF~, rWf, and rFs was rather poor. Thus, the coefficient of variation (CV) for rFf was 37% and the correlation coefficient was 0.74.
However, if the series were divided into severely pathological and moderately pathological areas corresponding to areas in which the clearance curves had an abnormal shape (66 areas), and areas with normal appearance of the clearance curves (127 areas), it became clear that the poor reproducibility referred to the severely pathological areas only, whereas the reproducibility in the moderately abnormal areas was fairly good. Table 2 shows the reproducibility of the CBF measurements in the moderately abnormal areas of the measured brain tissue. The coefficients of variation in all flow parameters are below 13%, and the correlation coefficients are above 0.70. Table 3 shows the reproducibility in the severely pathological areas of the brain. The reproducibility is low in the compartmental calculation as the coefficient of variation for rFr and rWf are above 20% and the correlation coefficients for rFf and rFs are below 0.70. The coefficient of variation for rFr is as high as 44% and the correlation coefficient as low as 0.31. It is noteworthy that the reproducibility of rF~ is also rather low (CV = 13%, R = 0.89), whereas the reproducibility of the rFlo is still good (CV = 9%, R = 0.95). A closer study of the results revealed, however, that the poor reliability was particularly caused by one case (Fig. 3) . In this patient, the CBF was measured 6 days after injury at a time when he was in a very poor condition (comatose with a base IVP of approximately 45 mm Hg). Operation carried out about 1 hour after the CBF measurement revealed malacia in the temporal regions and very severe edema of the brain. If this patient is excluded from the series, the reproducibility of the compartmentally calculated flow values increases markedly. Thus, the CV of the rFr decreases to 19%.
The correlation between the various flow parameters is shown in Table 4 . The correlations between rF~ and rFlo (R = 0.89) and between rFm and rF~o (R = 0.90) are very close, whereas that between rFf and rF~ is I  I  I  I  I  I  I  I  I  I  I  I  I  I  '  I  I  I  I  ' t (rain) 1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13 Fic. 3. Linear transcription of a clearance curve of the first (left) and second (right) CBF runs from an area of very severe malacia. Note the differences in the initial part of the two curves due to tissue peaks. The compartmental analyses are clearly different. In the second run the residual activity was unusually high (15%), which may cause the differences in the appearance of the observed curves, but as our computer program compensated for residual activity this should not affect the calculated curves. Note also that the fast compartment (Wt) is very small, and that the Fr cannot be reproduced.
poorer (R = 0.63). Also, the correlation between rWf and rFlo in the severely pathological brain tissue was fairly good (0.80), whereas that in the moderately pathological tissue was 0.39. It was a striking feature that the biexponential model did not fit to the clearance curves from severely pathological areas of the brain (Fig. 4 lower) , the VAR.ERR. being outside the 5% limit, whereas the fitting of the bi-exponential model to the curves from "normal" brain tissue was nearly perfect (Fig. 4 upper) , the VAR.ERR. being within the 5% limit. This phenomenon is described in greater detail in an earlier paper. 4
Discussion
In the present series, the reproducibility of the rCBF measurements was reasonably good if the flow parameters were calculated noncompartmentally as height/area flow values and as initial-slope flow indices. The results were similar to those reported by other authors. 7,13' 21 If the flow parameters were calculated bicompartmentally, the reproducibility of rCBF was poorer.
In previous papers?" we have shown that the clearance curves from pathological brain areas in patients with acute severe head injury often had an abnormal shape (Fig. 1 B) . Thus, a manual analysis of the clearance curves from areas in which craniotomy had disclosed severe cortical contusion, with or without hematoma, revealed a rapid third component initially, a so-called tissue peak. These tissue peaks seemed to represent tissue flow as they neither represented arterial transit time nor arteriovenous shunting? Simultaneously with Reproducibility of 133Xe regional cerebral blood flow recovery the tissue peaks disappeared and were replaced by low-flow values. Later, we discovered that the 13-minute clearance curves from areas of severe cortical edema approached the mono-exponential appearance (Fig. 1 C) . 4 By going through all our clearance curves we realized that in areas in which the clearance curves had a tissue peak and in areas in which the clearance curves approached the mono-exponential form, the compartmentally calculated flow parameters were difficult to reproduce properly (Fig. 3) . On the other hand, the flow parameters in alert patients with normal shape of the clearance curves, and also in those who had an initial slope flow index as low as 20 to 25 ml/100 gm/min, could always be reproduced with fair accuracy (Fig. 4 upper) . The clearance curves written out revealed that the bi-exponential model fitted poorly to the clearance curves from severely pathological areas of the injured brain, the VAR.ERR. being outside the 5% limit (Fig. 4 lower) , whereas the model fitted very well to clearance curves from slightly pathological areas, the VAR.ERR being within the 5% limit.
These results agree with those of other studies dealing with bi-exponential analysis of rCBF in normal or moderately pathological brain tissue, 1~,~4,34 and in severely pathological brain tissue. TM Thus, Bruce, et al., ~ found a coefficient of variation for Ff as high as 22% and 19% for Wr in a series of four patients (15 probes) with head injury. They stated that the poor reproducibility might have been due partly to real changes in the distribution and rate of the flow within the same cylinder of tissue and partly to inability of the mathematical methodology to extract adequately and reproducibly two populations of flow where the differentiation was no longer physiologically true.
Our correlation between the various flow parameters was similar to that reported by other groups. ~,28,~3, 34 The phenomenon described by several authors, namely that the relative weight of the fast compartment can change in a patient during hyperventilation, 12 during and after clamping of the internal carotid artery, 35 during autoregulation tests, 1 and in the course of stroke, 6 was also observed in our series. This factor may lead one to question the use of the bi-exponential model in severely pathological brain tissue. This problem was discussed more thoroughly in a previous paper. 4 It cannot be decided from this study whether the poor reproducibility of the compartmentally calculated parameters in the most severely injured brain tissue was caused by spontaneous changes in the fast compartments, or was due to errors of measurement or calculation. The fast compartment is the most rapidly changing of the compartments, particularly in severely injured brain tissue. 1a,31 It is also the component most affected by the least-square technique, which is the basis for the fitting of the bi-exponential model to the clearance curves, especially in patients with cortical contusion and laceration in whom the fast compartment is often reduced (Fig. 3) . 4 It seems likely that spontaneous changes in the fast compartment may take place in severely injured brain tissue. This tissue is extremely vulnerable because of abolished autoregulation, 31 and even small variations in perfusion pressure focally may cause significant changes in rCBF, and a steady state concerning rCBF cannot be expected to be maintained in the period of measurement lasting two • 13-minute periods, in spite of controlled PaCO2, IVP, and SAP. The occurrence of spontaneous plateau waves in the IVP recording in a few of these patients suggests the lack of a steady state in the brain.
On the other hand, the possibility of measurement errors must be increased in severely injured brain tissue. When a biexponential calculation model is used to describe a nonbi-exponential curve, then the least-square technique will be uncertain and sensitive to even minor changes in the clearance curve, and precision and accuracy will suffer. An essential source of error may then be the remaining radioactivity in the second CBF run of the double determination. We corrected for remaining activity as if this were cleared in the slow compartment, but that is not quite correct. Owing to the recirculation, some of the radioactivity remains in the extracerebral tissue of the head, especially in the lipoid fraction of the muscles. As some muscle tissue is situated between the detectors and the brain, the very slow clearance of the lipoid tissue will be part of the rCBF clearance curve. As we did not know the size of the extracerebrally cleared compartments, we could not compensate properly for these, and we therefore chose to calculate as if these compartments were cleared in the slow braintissue compartments. Obviously, this may give an error in the calculation. The error due to remaining activity in connection with uncertain curve fitting may explain that even a remaining activity as low as 10% in the second CBF run may give a significant discrepancy in the results of the double CBF determination. Thus, spontaneous changes in rCBF and errors related to the bi-exponential model may be the cause of the poor reproducibility of the compartmentally calculated flow parameters in the most severely injured brain tissue.
The accuracy of the compartmental method is difficult to assess in man. The coefficient of correlation may perhaps give a hint. Here we will only emphasize that the accuracy of the bi-exponentially calculated parameters must be expected to be reduced in tissue with abnormal mono-or tri-exponential clearance curves. In both situations, the biexponential model does not fit (VAR.ERR. outside the 5% limits), and the accuracy will suffer. In areas with tissue peaks, the biexponentially calculated fast component will mainly represent the tissue peak (Fig. 1 B) . In areas with mono-exponential curves, the slow compartment will be very large and the fast compartment small in agreement with the fact that most flow in edematous tissue is slow (Fig. 1 C) . The Fr may, in extreme situations, represent a very slow intravascular transit of the xenon. Actually, the carotid angiography performed just after the flow measurements showed a significantly prolonged arterial phase in the areas of "mono-exponential" clearance curves (Fig. 1  C) , whereas early veins were seen in the areas of tissue peaks? In addition, the accuracy suffers because of the error due to the use of the partition coefficient for normal brain tissue in the compartmental calculation of the flow in the pathological brain tissue. The partition coefficients of injured brain tissue are not known, but can be expected to be significantly different from those of normal tissue? ~ This discrepancy may affect the accuracy, but not the reproducibility of the calculations. The division in fast and slow compartments may not be identical with the anatomical division of the brain in gray and white matter compartments in the case of abnormal brain tissue? 6 376 E. M. Enevoldsen and F. T. Jensen
Summary
The reproducibility of rCBF measurements was reasonably good for initial slope flow indices and height/area flow values. The reproducibility of the bi-compartmentally calculated flow parameters was acceptable in moderately pathological brain tissue, but rather poor in the most severely pathological areas. The reason for the poor reproducibility in the severely injured areas is thought to be due partly to the lack of a steady state in this tissue and partly to uncertainty in the bicompartmental analysis, because the clearance curves from severely injured brain tissue cannot be described adequately by the bi-exponential model.
